Controlling the growth kinetics from the vapor phase has been a powerful paradigm enabling a variety of metastable epitaxial semiconductors such as Sn-containing group IV semiconductors (Si)GeSn. In addition to its importance for emerging photonic and optoelectronic applications, this class of materials is also a rich platform to highlight the interplay between kinetics and thermodynamic driving forces during growth of strained, nonequilibrium alloys. Indeed, these alloys are inherently strained and supersaturated in Sn and thus can suffer instabilities that are still to be fully elucidated. In this vein, in this work the atomic-scale microstructure of Ge0.82Sn0.18 is investigated at the onset of phase separation as the epitaxial growth aborts. In addition to the expected accumulation of Sn on the surface leading to Sn-rich droplets and sub-surface regions with the anticipated equilibrium Sn composition of 1.0at.%, the diffusion of Sn atoms also yields conspicuous Sn-decorated filaments with nonuniform Sn content in the range of ~1 to 11at.% .
INTRODUCTION
Sn-containing group IV semiconductors are an emerging class of materials for the monolithic integration of optoelectronic devices on silicon. Recently, major efforts have been expended to optimize their structural and optical properties. [1] [2] [3] [4] It is now established that one of the main hurdles in their epitaxial growth has to do with the limited solubility of Sn in SiGe (<~1at.%), which is about an order of magnitude smaller than the Sn critical content to reach a direct bandgap in GeSn. 5, 6 This is partially attributed to the large difference (~14.7%) in covalent radius between Ge (1.225Å) and Sn (1.405Å), which also causes a large compressive strain in GeSn when grown on Ge or Si. 7, 8 The growth of supersaturated GeSn incorporating more than 1at.% of Sn is achieved using far-from-equilibrium growth conditions, [9] [10] [11] [12] which prevent the formation of a biphasic mixture of Ge-rich and Sn-rich compounds in the early growth stage. 13, 14 Yet, as the layers grow thicker, the alloy can undergo phase separation, leading to the nucleation of surface Sn droplets and material degradation. [15] [16] [17] It was shown that strain-relaxed buffer layers can delay surface segregation and phase separation in relatively thicker GeSn layers. 16 However, the exact mechanisms are yet to be elucidated especially in presence of partial plastic relaxation.
Understanding the key atomic pathways of these phenomena is not only crucial to the optimization of material quality and device processing, but it is also of paramount importance to establish the structural stability of this material system that is inherently metastable and strained. In this vein, this work uncovers atomistic-level details at the onset of phase separation during the growth of metastable GeSn and addresses the associated mechanisms and structural properties. The role of dislocations in the instability of GeSn composition is identified, their interaction with solute atoms and their contribution to phase separation are unraveled and discussed.
EXPERIMENTAL SECTION
The GeSn layers investigated in this work were grown on Si(100) wafers in a low-pressure chemical vapor deposition (CVD) reactor using ultra-pure H2 carrier gas, with monogermane diluted at 10% in H2 and tin tetrachloride as precursors. First, a ~650 nm-thick Ge layer was grown on the Si wafer and subjected to thermal cycling annealing to improve its crystalline quality and surface roughness. Then, on top of this Ge virtual substrate (Ge VS), three successive GeSn layers were grown: the bottom layer (BL), the middle layer (ML) and the top layer (TL) at 320, 300 and 280°C, respectively. 18 The thickness of different layers was estimated using energy-dispersive Xray spectroscopy (EDS) in a transmission electron microscope (TEM), which also provides detailed information on the microstructure. Composition and strain values for all layers were estimated from high-resolution X-Ray Diffraction (XRD) Reciprocal Space Mapping (RSM), using a bowing parameter b = 0.041 Å. Detailed atomic-level studies of the grown GeSn layers were carried out using laser-assisted atom probe tomography (APT). The sample preparation for APT was performed in Helios Nanolab 650 dual channel (Ga + ion column for milling, SEM column for imagining) focused-ion beam (Dual-FIB) microscope, using the standard lamella liftout technique. Prior to the APT tip fabrication in Dual-FIB, a 50 nm thick Ni capping layer was co-deposited on all the samples (using an electron-beam evaporator) in order to protect the topmost part of the samples from ion-implanted damage during the tip fabrication process. APT achieves electric field-induced evaporation of atoms as cations, in a layer-by-layer fashion, from the surface of a needle-like specimen, with the assistance of an ultra-fast pulsed laser. In this work, the field evaporation of individual atoms in the APT was assisted by focusing a picosecond pulsed UV laser (λ = 355nm), with a beam waist smaller than 5µm, on the apex of the needle-shaped specimen. The laser pulse repetition-rate was maintained at 500 kHz throughout. The evaporation rate (ion/pulse) and the pulse energy were varied over a single run. An APT run started with the onset of evaporation of Ni atoms from the capping layer. During this, an evaporation rate of 0.8-1.0 and a laser pulse energy of 30.0 pJ was maintained. As soon as the atoms from the SL appeared at the outer rim of the detector ion map, the evaporation rate was slowed down to 0.2 in a single step and the laser energy was lowered to 4.0-5.0 pJ, in steps of 1.0 pJ. The run was slowed down to ensure that the tip makes a gradual and smooth transition from the Ni cap into the SL without fracturing it. When all the Ni atoms were evaporated and the transition into the SL was complete, the evaporation rate was slowly increased in small steps of 0.20 up to 1.0, ensuring in each step that the automatic voltage ramp is not too steep, a scenario which is well-known to cause tip fracture in APT. After the evaporation made a complete transition from the SL into the Si substrate, the rate was further increased (in steps, reaching up to 3.0-4.0) as well as the pulse energy (in steps, reaching up to 10-15 pJ) in order to collect a substantial amount of substrate atoms as quickly as possible before ending the run. The base temperature and base pressure within the APT chamber were maintained at 30 K and 3.2×10 -11 Torr, respectively.
RESULTS AND DISCUSSION
A representative cross-sectional transmission electron microscopy (TEM) image of an as-grown stack in Fig.1a shows the TL/ML/BL with a thickness of 220/160/60 nm, respectively, while dislocations are mainly visible close to the interface with the Ge-VS. 1, 18 The reciprocal space mapping (RSM) recorded around the (224) diffraction peaks in Fig.1b indicates that the GeSn layers are compressively-strained. BL/ML diffraction peaks are close to the relaxation line (dashed line), revealing a low residual strain (-0.10% and -0.56%, respectively), whereas TL peak is vertically aligned with ML peak and thus is fully strained to the latter (-1.26% of strain). Furthermore, the experimental lattice parameters are used to calculate the expected relaxed lattice parameter using the elastic constants and then retrieve the alloy composition following Vegard's law. 18 The Sn content in as-grown layers is 18/13/8at.% in the TL/ML/BL, respectively. The growth process described above yields high quality and atomically homogeneous GeSn materials leading to the demonstration of clear room temperature photoluminescence at wavelengths in the mid-infrared range. 1 However, few segregation "spots" occasionally appear on the Ge0.82Sn0.18 layer's mirror-like surface when the stacking thickness exceeds 400 nm. The Fig.1c (inset) shows an optical image of a particularly large spot, extending over 7 mm from its geometrical center (white dot) to its edge (red dot). The scanning electron micrograph (SEM) in Fig.1c reveals the presence of Sn droplets at the transition point between the mirror-like and segregated regions (red dot in Fig.1c , inset). Large Sn droplets with diameters of 5-15 µm (green arrow) propagate along the <110> direction leaving behind a straight trail of redeposited material (in light grey), similar to early observations. 12, 19, 20 These trails act as nucleation sites for smaller droplets (diameter well below 1 µm), which propagate along directions perpendicular to the main trail, leading to triangular areas formed by their paths (dashed lines in Fig.1c ).
TEM images were acquired in the segregated area in order to investigate the material's microstructural properties right at the onset of phase separation. The cross-section shows multiple Sn droplets in the surface region, partially embedded in the GeSn layer ( Fig.2a) . A dense network of extended dislocations across the entire GeSn layer is visible, in striking contrast to the case of the mirror-like region (Fig.1a ). The dashed lines indicates the interfaces positions in the GeSn stacking before phase separation. Additionally, the contrast change in the droplets suggests the presence of 2 regions with different composition and/or microstructure. Firstly, the energydispersive X-ray spectroscopy (EDX) map (Fig.2b) recorded around a large Sn droplet reveals the distribution of Sn in the cross-section. The unexpected ~40 nm-thick region at the droplet-layer interface exhibit a different Sn content from those expected for the two-equilibrium Sn-and Gerich phases. Indeed, a first estimate using EDX reveals a content of ~25at.% of Sn in this interfacial region, located above a much thicker depleted layer incorporating ~1at.% of Sn in average. This last value must be dealt with carefully since it is not known at this point if the material is still a homogeneous random alloy. The high-resolution TEM image and the corresponding fast Fourier transform (FFT) acquired on the Sn droplet, the defective Sn-rich layer, and the GeSn layer are shown in Fig.2c . A high number of stacking faults are visible in the interfacial layer. Yet, (002) and (220) diffraction spots positions in this defective layer and in the thicker layer underneath suggests that crystalline coherency is maintained at the interface.
To gain more insights into the structural properties of the segregation region, 2θ-ω X-ray diffraction (XRD) measurements around the (004) diffraction peak were performed on multiple positions across the segregated area ( Fig.1c, inset) , using an X-ray beam footprint of 1 mm×1.8 mm (Fig.3a) . The center of the segregation spot is labelled as 0 mm (white dot in Fig.1c, inset) and the boundary with the mirror-like region is labelled as 7 mm (red dot in Fig.1c , inset). The idea behind this linear mapping is to probe the different regions of the spot to unravel the material bulk properties in the early and late stages of phase separation, supposedly located at the edges and at the centre of the spot, respectively. The reference XRD curve (black) was acquired on a mirror-like area of the sample. The Ge-VS peak is measured at 66.08°, while the peaks at lower angles are related to the GeSn layers. A first additional peak appears at 65.82° (violet arrow) and its intensity increases by a factor of ~3 when moving towards the center of the segregation spot, where a second high-intensity peak is also observed at 65.90° (red arrow). Based on RSM measurements (Figs.3b-c) , the first and second peaks can be attributed to GeSn alloys with a Sn content of 1.5 and 1.1at.%, respectively. According to the peaks' positions relative to the relaxation line (white dashed line), these alloys are under a weak tensile strain, possibly due to the influence of the epitaxial interface with the Ge VS during Sn out-diffusion.
In the second APT dataset recorded for regions afar from the large droplets (Fig.5a) Curiously enough, the Sn-enriched filaments revealed by APT (Fig.5a ) are separated by approximately 100 nm and their morphology matches that of the dislocation lines identified in Fig.2a . Detailed and comparative APT and TEM studies also confirm that these filaments are Sndecorated dislocations, reminiscent of Cottrell atmospheres. 21 Furthermore, the observed asymmetry in the radial Sn profile across each filament (Fig.5c ) is similar to the behavior of solute atoms around a dislocation, where the tensile and compressive strained sides exhibit different solute concentrations. 21 These observations suggest that the formation of these dislocations is not only an efficient pathway to relax the epitaxial strain as the layer grow thicker, but it also triggers the phase separation by promoting Sn segregation toward the surface through pipe diffusion. The latter refers to an enhanced diffusivity in a short range around dislocations' core. The very few reports on this phenomenon in semiconductors suggested an increase in the diffusion coefficient by factor of ~10 4 . [22] [23] [24] This enhancement was also proposed to explain the diffusion at low temperature in defective materials such as cold-worked metals. [25] [26] [27] [28] In the case of GeSn alloys, this process establish a clear relationship between the microstructure and material stability. It is noteworthy that, in the first stage of buffered growth, surface segregation by pipe diffusion is rather inhibited since dislocations are confined to the buffer layers (BL/ML in Fig.2a ). This efficient defects engineering allows the TL to grow well above its theoretical critical thickness, estimated around 20 nm for a direct growth on the Ge VS. [29] [30] [31] [32] However, when the total thickness of the GeSn stacking increases above 400 nm, the defective area extends and dislocations propagate toward the surface. 1, 18 While the diffusion in the bulk is very slow, 33 the nucleation of threading dislocations and their propagation across the TL to reach the surface provide Sn atoms with a much higher mobility and a preferential path to diffuse and segregate on the surface. 23, [34] [35] [36] It is noteworthy that similar atomistic and microstructural features are also observed when the phase separation is activated by annealing GeSn monocrystalline layers above the growth temperature.
In recent annealing experiments realized on GeSn layers, the authors attributed the observed fast and brutal segregation of Sn in relaxed layers to the presence of dislocations, as opposed to diffusional mass transport in pseudomorphic layers. 37, 38 The transport of Sn from bulk to surface leads to the formation of self-propelled Sndroplets. The motion of these droplets is likely to be a result of a gradient in surface Sn content, while the directionality of their guided motion can be a consequence of surface symmetry or atomic steps that are characteristics to the epitaxial growth of strained layers. Once the growth is interrupted and the substrate is cooled down, the droplets solidify and a defective interfacial layer seems to form as a result of this solidification. As the solubility of Ge in Sn decreases by ~2at.% when the sample is cooled down from the growth temperature to eutectic temperature (231°C), it is plausible that the defective layer underneath each solidified droplet ( Fig.2a ) forms from the expelled excess Ge from the cooling droplets. 13, 14 This process yields a thin layer with a graded Sn content around 22at.% (Fig.4c ). This relatively high Sn content might be dictated by the minimization of the mismatch strain at the droplet-GeSn interface during the solidification. Indeed, the preferential crystallographic orientation between the planes (-2-2 2) of GeSn and (301) of β-Sn ( Fig.2c ) seems to support this observation, in agreement with recent post-growth annealing studies. 39 
CONCLUSIONS
In summary, atomic-level insights into the complex behavior of Sn atoms at the onset of phase separation have been unraveled by combining advanced characterization techniques. In addition to the expected Sn surface segregation and the formation of regions at the Sn equilibrium composition of 1.0at.%, the diffusion of Sn in metastable GeSn also yields Sn-decorated filaments and bulk regions with a nonuniform Sn content in the range of ~1 to 11at.%. The latter are attributed to the formation and propagation of dislocations, which appears to facilitate the Sn transport toward the surface through pipe diffusion. 3-D atomic mapping indicates an asymmetric radial Sn profiles across these dislocation lines, in addition to the formation of a defective layer with a Sn content of ~22at.% at the interface between the Sn droplet and GeSn. Strain minimization between tetragonal Sn-rich and cubic Ge rich equilibrium phases has been suggested as a plausible reason for the formation of this layer. These studies highlight the key processes involved in the spontaneous phase separation during the out-of-equilibrium growth of strained layers and indicate the importance of dislocations in shaping the atomic pathways for solute diffusion and the associated formation of equilibrium phases. These observations are not only important to understand and optimize the growth of metastable layers but also to develop atomistic-level and predictive models to describe their behavior and stability.
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